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PROJECTION DISPLAY DEVICE

RELATED APPLICATIONS

The present application is a Continuation Application of
U.S. patent application Ser. No. 13/700,114, filed on Nov. 26,
2015, which is based on and claims priority from Interna-
tional Application Serial No. PCT/JP2010/059131, filed on
May 28, 2010, the entire contents of which is incorporated
herein by reference.

TECHNICAL FIELD

The present invention relates to a projection display device,
and more particularly to a projection display device which
adjusts the amount of light to an amount-of-light ratio for a
desired white balance using light-emitting elements.

BACKGROUND ART

Projection display devices are known as display devices for
the user to enjoy video and images on a large screen. Projec-
tion display devices of the background art mainly achieve an
enlarged-scale display according to the following procedure:

White color from a light source is separated into red light,
green light, and blue light by a color separating means, and
the separated monochromatic lights are modulated by a light
modulator such as a liquid crystal device or a DMD.

The modulated images in the respective hues are combined
to generate a color image by a color combining means such as
a cross dichroic prism.

The generated color image is displayed at an enlarged scale
on a screen or the like by a projection optical system such as
a projection lens or the like.

Heretofore, discharge lamps such as high-pressure mer-
cury lamps and metal halide lamps have been used as the light
source. In recent years, the use of semiconductor light-emit-
ting elements such as LEDs and semiconductor lasers as the
light source has been proposed, and they have actually been
used.

These light-emitting elements are advantageous in that
they do not emit heat rays and ultraviolet rays compared with
the discharge lamps, can easily control energization for light
emitting elements, have a high response speed, do not run the
risk of rupture, and have a long service life.

In addition, since the light-emitting elements are capable of
emitting monochromatic lights in three primaries for produc-
ing color video images from red, green, and blue colors, and
are also free from the need for color separation, they are
appropriate as a light source for projection display devices.

A light-emitting element is mechanically and electrically
connected to a board or a lead frame by silver paste, bonding
wires, and stud bumps, and sealed and protected by a sealing
material such as epoxy resin, silicone gel, or the like.

Since the sealing material has a refractive index of about
1.5, it is effective to increase the efficiency with which to
extract light therefrom because of a reduction in the total
reflection from a light-emitting device interface of light that is
emitted from a light-emitting layer of the light-emitting ele-
ment in the sealing material.

Light-emitting elements use different light-emitting mate-
rials depending on lights to be emitted in different colors.
Generally, GaN-base compound semiconductors are widely
used to emit light in a wavelength range from ultraviolet to
green spectrum, and AlGalnP-base compound semiconduc-
tors, referred to as a quaternary material, and GaAs-base
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compound semiconductors are widely used to emit light in a
wavelength range from yellow to red spectrum.

Light-emitting elements emit a lot of heat as well as light.
When a large current is supplied to a light-emitting element in
order to increase the amount of light emitted thereby, its
temperature rises. The light emission efficiency of a light-
emitting element is temperature-dependent. Generally, as the
junction temperature of a light-emitting element rises, its
light emission efficiency decreases. The temperature depen-
dency differs with materials. For example, a red light-emit-
ting element has a large temperature dependency, a green
light-emitting element has a small temperature dependency,
and a green light-emitting element is almost temperature-
independent.

Since different light-emitting materials emit lights in dif-
ferent colors as described above, the degree to which the
amount of light emitted at a high temperature is lowered also
varies depending on the color of the emitted light. Therefore,
when the environmental temperature of a projection display
device varies, since the junction temperature of the light-
emitting elements also varies, the ratio of the amounts of color
lights varies. In other words, it is difficult to keep a desired
white balance.

Light-emitting elements further have a problem in that the
degree to which the amount of light is lowered due to aging is
different depending on the color of the emitted light. Those
light-emitting elements which emit lights in shorter wave-
lengths such as ultraviolet and blue spectrum have their seal-
ing materials more liable to turn yellow than those light-
emitting elements which emit lights in longer wavelengths
such as red spectrum. Since the transmittance is reduced by
yellowing, the amount of light passing through the sealing
material is lowered.

Inasmuch as the degree to which the amount of light that is
lowered due to long-term use is different depending on the
color of the emitted light, maintaining projected images that
have the desired white balance for producing white color, that
is required for projection display devices, is difficult to
achieve over a long period of time.

FIG. 1 is a schematic diagram showing an arrangement of
the optical system of a projection display device disclosed in
Patent document 1 (JP2007-65012A).

As shown in FIG. 1, optical system 1051 of projection
display device 1001 includes R (red) color light source
1010R, G (green) color light source 1010G, B (blue) color
light source 1010B, color combining means 1011, light
modulator 1014, projection optical system 1016, and photo-
detector 1017.

Light sources 1010R, 1010G, 1010B and light modulator
1014 are controlled by controller 1100. R color light source
1010R, G color light source 1010G, and B color light source
1010B that incorporate light-emitting elements therein emit
monochromatic lights, which are combined by color combin-
ing means 1011 to travel along one light path to polarizer
1013. Although not shown, a polarization unifying means
including a polarization beam splitter and a A/2 phase difter-
ence plate is inserted in front of polarizer 1013.

The polarization unifying means applies only a linearly
polarized light in one polarized direction through polarizer
1013 to light modulator 1014. In this example, the optical
system employs a single-plate light modulator, and hence
incorporates an FSC (Field Sequential Color) display system
wherein lights in three primaries of red, blue, and green are
successively emitted and modulated by light modulator 1014,
after which the modulated lights are combined over time to
produce a full-color image. Light modulator 1014 controls
the direction of polarization of the linearly polarized light
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applied thereto, depending on the image to be displayed, and
the image is projected through detecting assembly 1102 and
projection optical system 1016 onto a screen or the like, not
shown.

Polarizer 1013 is disposed on a light entrance side of light
modulator 1014, and polarization splitting means 1015 is
disposed on a light exist side of light modulator 1014. Light
modulator 1014 comprises a single liquid crystal device.
Polarization splitting means 1015, which comprises a polar-
ization beam splitter or the like, has polarization splitting
surface 1030 in the form of a dichroic film that is inclined 45°
to the applied light. Polarization splitting means 1015 has a
function to pass a linearly polarized light beam in one polar-
ized direction and reflect another linearly polarized light
beam in a polarized direction perpendicular thereto.

In FIG. 1, polarization splitting means 1015 passes a lin-
early polarized light beam in a polarized direction parallel to
the sheet of FIG. 1 (hereinafter referred to as “P-polarized
light”) and reflects a linearly polarized light beam in a polar-
ized direction perpendicular to the sheet of FIG. 1 (hereinafter
referred to as “S-polarized light”). As indicated by the bro-
ken-line arrow, projection optical system 1016 is disposed on
the light path of the P-polarized light beam which represents
transmitted light 1020A having passed through polarization
splitting means 1015. Projection optical system 1016 projects
the light modulated by light modulator 1014 onto a screen or
the like, not shown. As indicated by the solid-line arrow, the
S-polarized light beam which represents reflected light
1020B reflected by polarization splitting surface 1030 of
polarization splitting means 1015 is applied to photodetector
1017. Photodetector 1017 may comprise a photodiode, a pho-
totransistor, or the like for converting the intensity of light
into an electric quantity. Polarization splitting means 1015
and photodetector 1017 function as detector 1102. Controller
1100 has a function to energize R color light source 1010R, G
color light source 1010G, and B color light source 1010B, and
a function to control light modulator 1014 and photodetector
1017. When the illuminance levels of the R, G, B color light
sources are detected and supplied to controller 1100 via a
feed-back loop, controller 1100 controls the electric power
levels of the color light sources in order to keep the white
balance at a desired value.

The display device disclosed in JP2007-65012A is prob-
lematic in that though it can deal with a reduction in light
emission efficiency due to aging of the light-emitting ele-
ments, it fails to maintain white balance when the environ-
mental temperature varies since the temperature dependency
of the light-emitting elements is not taken into account.

Patent document 1: JP2007-65012A

DISCLOSURE OF THE INVENTION

The light sources of projection display devices which
employ LEDs (light-emitting diodes) or semiconductor lasers
for emitting lights in three primaries, e.g., red, green, and
blue, to be combined, and a light modulator suffer a reduction
in light emission efficiency depending on the junction tem-
perature and the different degrees to which the amount of
emitted light is lowered due to long-term use depending on
the color of the emitted light.

The reasons for the above phenomena are that the materials
of the light-emitting elements are different and the sealing
material which seals and projects the light-emitting elements
is discolored by lights in short wavelengths particularly in the
ultraviolet range when in use over a long time, resulting in a
reduction in the amount of light emitted through the sealing
material. Furthermore, since different compound semicon-
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ductors are used as light-emitting materials depending on
light emission wavelengths, the degree to which the amount
of light emitted especially at a high temperature is lowered
due to low-term use varies depending on the color of the
emitted light.

For the above reasons, light emission efficiency that varies
due to a change in the junction temperature and a change in
the brightness of a light-emitting element due to aging is
different depending on the color of the emitted light, so that
the white balance based on the three primaries of the dis-
played image varies, and it is impossible to maintain images
having an optimum white balance.

In addition, light sources using a plurality of light-emitting
elements tend to cause the white balance of displayed images
to vary for the same reasons as described above because the
brightness of the light in one color tends to vary at a different
rate depending on the individual light-emitting element.

It is an object of the present invention to provide a projec-
tion display device which is capable of displaying images of
high quality with an optimum white balance even when the
environmental temperature of the display device changes and
the amounts of lights emitted in respective colors from a
plurality of light-emitting elements vary owing to aging and
failure of the light-emitting elements.

MEANS FOR SOLVING THE PROBLEMS

According to the present invention, there is provided a
projection display device having a plurality of light source
assemblies, comprising:

a plurality of temperature sensors, light sensors, and cool-
ing means installed in association with the light sources,
respectively;

an amount-of-light controller for controlling amounts of
lights emitted from said light sources depending on corre-
sponding output signals from said light sensors;

a cooling controller for controlling cooling operation of
said cooling means depending on corresponding output sig-
nals from said temperature sensors; and

a CPU for controlling said amount-of-light controller
depending on an output signal from a temperature detecting
means installed in a housing to keep constant a ratio of the
amounts of lights emitted from said light sources.

The light source assemblies may include a red color light
source for emitting a red color light, a green color light source
for emitting a green color light, a blue color light source for
emitting a blue color light, and color combining means for
combining the lights emitted from the respective light
sources. Each of the color light sources may include at least
one light-emitting element. The light-emitting element may
comprise a light-emitting diode or a semiconductor laser.

Liquid crystal display devices or reflective liquid crystal
devices may be included as light modulators. Each of the light
sensors may comprise a photodiode or a phototransistor. If
each of the light sources in red, green, and blue colors com-
prises a plurality of light-emitting elements, then the light
sensors may be provided in association with the light-emit-
ting elements, respectively.

The amount-of-light control means may compare amounts
of light emitted from the light-emitting elements in the red,
green, and blue colors, based on the amounts of lights
detected by the light sensors, and may control driving condi-
tions for the light sources in order to keep the white balance
based on the colors.

Since the amounts of lights in the red color, the green color,
and the blue color are measured by the light sensors, and the
amount-of-light controller changes driving conditions for the
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light-emitting elements to adjust the amounts of lights in the
respective colors to the ratio of the amounts of lights for
achieving the desired white balance, it is possible to maintain
displayed images with the optimum white balance even if the
junction temperatures of the light-emitting elements vary to
change the light emission efficiency and even if the light-
emitting elements are deteriorated from long-term use, reduc-
ing the amounts of lights emitted thereby.

ADVANTAGES OF THE INVENTION

According to the present invention, even if the brightness
of each of the light-emitting elements in the respective colors
varies due to temperature or aging, since the intensities of the
lights emitted from the light-emitting elements are moni-
tored, the amount-of-light controller can change the driving
conditions for the red color light, the green color light, and the
blue color light to achieve the optimum white balance. Con-
sequently, the projection display device offers the following
advantages:

1) Even if the brightness of each of the light-emitting
elements in the respective colors varies due to changes in the
junction temperature, the individual light-emitting device
specificity, aging of the light-emitting element, and driving
conditions therefore, a white balance and color reproducibil-
ity range can be maintained.

2) Chromaticity coordinates of the white color and chro-
maticity coordinates of the three primaries can be brought to
match given video standards.

3) Displayed images can be brightened or darkened for
electric power saving while maintaining a white balance and
a color reproducibility range depending on the video signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram showing an arrangement of
the optical system of a projection display device according to
the background art;

FIG. 2 is a block diagram of a projection display device
according to a first exemplary embodiment of the present
invention;

FIG. 3 is a schematic diagram showing an arrangement of
the optical system of the projection display device according
to the first exemplary embodiment of the present invention;

FIG. 4 is a timing chart of a video signal, times during
which light sources in respective colors are energized, and
times during which the illuminance levels of the light sources
are measured by respective light sensors;

FIG. 5 is a set of diagrams showing the relationship
between the junction temperatures of R, G, B LEDs and the
illuminance levels; and

FIG. 6 is a block diagram of a projection display device
according to a second exemplary embodiment of the present
invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

A projection display device according to the present inven-
tion comprises a light source including light-emitting ele-
ments for emitting lights in colors of red, green, and blue,
light modulators including liquid crystal devices, light sen-
sors, an amount-of-light controller, and a light source cooling
means. The light sensors detect respective amounts of lights
emitted from the respective light-emitting elements, and the
amount-of-light controller compares and adjusts the amounts
of lights from the light-emitting elements in the respective
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colors ofred, green, and blue to keep a white balance based on
the colors. The projection display device maintains displayed
images with an optimum white balance even when the junc-
tion temperatures of the light-emitting elements vary and
even when the light-emitting elements are deteriorated due to
long-term use, resulting in a reduction in the amounts of
emitted lights. The white balance means the ratio (balance) of
the amounts of lights emitted from the light-emitting ele-
ments in the respective colors of red, green, and blue.

A first exemplary embodiment of the present invention will
be described below with reference to the drawings. FIG. 2 is
ablock diagram of a projection display device according to a
first exemplary embodiment of the present invention.

Video signal processing circuit 1 includes a scaling circuit
which receives video signals having various frequencies and
resolutions and converts them into a frequency and a resolu-
tion suitable for the light modulators, and a detecting circuit
which receives horizontal and vertical synchronizing signals,
generates timing signals required in various parts of the dis-
play device, and detects APL. (Average Picture Level), histo-
grams, etc., of the video signals.

Video signal processing circuit 1 applies an output signal to
LUT (Look-Up Table) 2, which corrects voltage vs. transmit-
tance characteristics of the liquid crystal device, performs
gamma correction, and performs various color adjustments
for a color space converter, etc.

Liquid crystal drive circuit 3 energizes a plurality of light
modulators 14 corresponding to R, G, B, respectively. Since
liquid crystal drive circuit 3 and light modulators 14 are
equivalent to general circuits in three-panel liquid crystal
projectors, they will not be described in detail below.

CPU 4 controls video signal processing circuit 1, LUT 2,
and liquid crystal drive circuit 3, and monitors an output
signal from internal temperature sensor 5. CPU 4 also con-
trols amount-of-light controller 6.

Cooling controller 7 receives the output signals from tem-
perature sensors 15R, 15G, 15B disposed near the light
sources in the colors of R, G, B, respectively, and supplies
predetermined amounts of electric power depending on the
output signals to cooling means 18R, 18G, 18B which cool
the light sources in the colors of R, G, B, respectively.

Internal temperature sensor 5 is installed within the hous-
ing of the display device near the light modulators, for
example. Individual temperature sensors may be installed
near the respective light modulators for the respective colors.
CPU 4 may calculate the average of the detected temperatures
or may weight the detected temperatures appropriately.

After the display device has been switched on and brought
into a state of thermal equilibrium, the temperature in the
display device is strongly correlated to the environmental
(ambient) temperature around the display device when the
electric power consumed by the display device is constant.
Specifically, when the ambient temperature rises, the tem-
perature detected by the internal temperature sensor 5 also
rises. If the ambient temperature and the internal temperature
are sampled for calibration when the display device is manu-
factured, then individual temperature sensor variations can be
corrected.

The temperature sensor may not be installed in the housing,
but may be located outside of the housing to directly detect
the ambient temperature. In the exemplary embodiment, the
temperature sensor is installed at one location in the housing.

FIG. 3 is a schematic diagram showing an arrangement of
the optical system of the projection display device according
to the present exemplary embodiment. Any details of the
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projection display device which do not have a direct bearing
on the present invention are omitted from illustration in FIG.
3.

The projection display device according to the present
exemplary embodiment has R (red) color light source 10R, G
(green) color light source 10G, and B (blue) color light source
10B, and also has temperature sensors 15R, 15G, 15B dis-
posed near the light sources, respectively, and light sensors
17R, 17G, 17B disposed near the light sources, respectively,
to detect light leakages.

Operation of the projection display device according to the
present exemplary embodiment will be described below. In
FIG. 3, respective lights emitted from R color light source
10R, G color light source 10G, and B color light source 10B,
each having light-emitting elements for emitting a monochro-
matic light, pass through respective condenser lenses 19R,
19G, 19B and respective illumination optical systems 12R,
12G, 12B, are modulated by respective light modulators 14R,
14G, 14B, and are combined together by color combining
means 11. Color combining means 11 comprises a cross
dichroic prism, a cross dichroic mirror, or the like.

The light that has passed through color combining means
11 is projected by projection optical system 16 onto the pro-
jection surface of a screen, not shown.

Light sensors 17R, 17G, 17B which are disposed near the
light sources, respectively, detect light leakages which are not
directly emitted to the light modulator. Since the light leak-
ages are strongly correlated to the intensities of the lights that
are directly applied to the light modulator, it is possible to
detect the amounts of lights that are directly applied to the
light modulator by detecting the light leakages. If data are
sampled for calibration when the display device is manufac-
tured, then individual light-emitting element variations can
be corrected. Even though a light source in one color has a
plurality of light-emitting elements, individual light-emitting
element differences can be absorbed by measuring the com-
bined amount of lights emitted from the light-emitting ele-
ments.

Amount-of-light controller 6 controls light source drive
circuits 8R, 8G, 8B depending on the output signals from light
sensors 17R, 17G, 17B for thereby adjusting the output lights
from respective light sources 10R, 10G, 10B to achieve the
desired white balance. Amount-of-light controller 6 may
adjust the output lights from respective light sources by con-
trolling the current values thereof or by performing a PWM
(Pulse Width Modulation) control process. In the present
exemplary embodiment, the PWM control process will be
described below.

To control the light sources according to the PWM control
process, it is desirable to use current-to-frequency conversion
light sensors which are capable of measuring the amounts of
lights with high accuracy. A current-to-frequency conversion
light sensor converts the intensity of light detected by a pho-
todiode into a current, then converts the current into a fre-
quency, and counts pulses over a given period with a clock of
fixed frequency to determine an illuminance level. The light
sensor of this type is suitable for determining the amount of
light over a given period or an average illuminance level.

In order to control the amounts of lights emitted from the
light sources according to the PWM control process, the
general practice is to synchronize the periods of PWM control
process with the frames of the video signal. When the periods
of PWM control process are in synchronism with the frames
of'the video signal, the amounts of lights in each frame can be
controlled at a constant level. However, since a large amount
of electric power is needed to energize the light-emitting
elements, large electromagnetic interference waves are gen-
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erated at changing points of the PWM control process. There-
fore, if the periods of the PWM control process are the same
and are synchronous with the frames, then they cause disad-
vantages from an EMI (ElectroMagnetic Interference) point
of' view. The same periods of the PWM control process mean
the same switching frequencies of the drive circuit for the
light sources, and have the spectrums of the electromagnetic
interference waves overlapping each other.

According to the present exemplary embodiment, the
PWM periods for energizing the light sources in the respec-
tive colors are different from each other in order to reduce
unwanted spectrum of the electromagnetic interference
waves. Therefore, the PWM periods for the respective colors
are not synchronized with the frames of the video signal.

The different PWM periods for energizing the light sources
are advantageous in that since the switching frequencies of
the drive circuit are different from each other, the spectrums
of'the electromagnetic interference waves do not overlap each
other, and the EMI peaks are lowered.

The fact that the frames of the video signal and the PWM
periods for energizing the light sources are not synchronous
with each other means that the frame updating of the light
modulators is not synchronous with controlling the amounts
of illuminating light, resulting in a deterioration of color
reproducibility of the projected images. However, since syn-
chronism errors can be reduced to within one PWM period,
the ratio over time of the errors to the frame periods can be
reduced by reducing the PWM periods, thereby reducing
deterioration of color reproducibility.

The PWM periods of at least one color may be synchro-
nized with the video signal frames. For example, if the PWM
control process for the G color light source which provides a
high spectral luminous efficiency is synchronized with the
frames of the video signal, then since the frame updating of
the light modulators is synchronized with the controlling of
the amounts of illuminating light, the EMI can be reduced
while at the same time minimizing the deterioration of the
color reproducibility of projected images, particularly the
projected moving images.

Moreover, the PWM periods for energizing the light
sources may be different from each other, and the PWM
periods for all the colors may be synchronized with the frames
of'the video signal. For example, if the frame frequency ofthe
video signal is 60 Hz, then the PWM periods for energizing
the light sources in the R, G, B colors may be integral mul-
tiples of the frame frequency of the video signal, such as 5x60
Hz, 6x60 Hz, and 7x60 Hz, and their basic frequencies may
be different from each other. However, since there is a com-
mon multiplying component, the improvement of EMI is
reduced.

As described above, whether the light sources in the
respective light sources are to be driven in synchronism with
the frames of the video signals depends upon a trade-off
between the degree to which the EMI is improved and the
degree to which the color reproducibility is degraded.

Light sources 10R, 10G, 10B in the respective colors are
combined respectively with cooling means 18R, 18G, 18B.
Specific examples of cooling means 18R, 18G, 18B include
air-cooling fans, liquid-cooling systems using pumps, and
Peltier devices, etc., which may appropriately be selected.

According to the present exemplary embodiment, given
amounts of electric power depending on the detection output
signals from the temperature sensors that are disposed near
the light sources in the respective colors are output to the
respective cooling means.

Since temperature sensors 15R, 15G, 15B are disposed
near light sources 10R, 10G, 10B in the respective colors, the
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detection output signals thereof are strongly correlated to the
junction temperatures of the light-emitting elements of the
light sources. If data are sampled for calibration when the
display device is manufactured, then temperature sensor
variations can be corrected.

Thermal resistances from the temperature sensors to the
junctions of the light-emitting elements may be determined in
advance, and the junction temperatures of the light-emitting
elements may be determined as needed by determining the
amounts of electric power consumed by the light-emitting
elements.

Junction temperature (° C.) of light-emitting
element=temperature (° C.) of temperature sen-
sor+thermal resistance (° C./W) from tempera-
ture sensor to junction of light-emitting elementx
electric power (W) consumed by light-emitting
element

If each of the light sources in the respective colors com-
prises a plurality of light-emitting elements, then it is desir-
able to install a temperature sensor near each of the light-
emitting elements.

A process of adjusting the amounts of lights in the respec-
tive colors will be described below with reference to FIG. 2.
Ifthe chromaticity coordinates of the colors of lights emitted
from the light sources in the R, G, B colors are known, then
the ratio of the amounts of lights to be emitted from the light
sources is determined when the chromaticity coordinates of a
mixed color light are determined.

For example, when the chromaticity coordinates (X, y)
according to the CIE (Commission Internationale de
I’Eclairage) 1931 standard color system are to be (0.3127,
0.329) for the mixed color light if the chromaticity coordi-
nates (x, y) are (0.698, 0.302) for the R color light, (0.194,
0.706) for the G color light, and (0.141, 0.046) for the B color
light, the ratio of the amounts of lights may be set to the
amount ofthe R color light:the amount of the G color light:the
amount of the B color light=25.5:68.9:5.61.

If the ratio of the amounts of lights emitted from the light
sources in the respective colors is measured, then the chro-
maticity coordinates of the mixed color light can be calcu-
lated. The chromaticity coordinates of the colors of the emit-
ted R, G, and B color light sources may be fixed according to
the specifications of the light sources. If individual light
source differences are to be taken into account, then chroma-
ticity coordinates may be measured for the respective light
sources and reflected in calculations. If deviations of chroma-
ticity coordinates of the colors of the emitted lights due to
light source driving conditions such as drive currents are to be
taken into account, then data may be stored in advance and
reflected in calculations depending on the driving conditions.

It will hereinafter be assumed for the sake of brevity that
the chromaticity coordinates of the colors of the emitted R, G,
and B color light sources are fixed. The ratio of the amounts
of lights in the respective colors means the ratio of the
amounts of lights measured in a predetermined period by the
light sensors for the respective colors (or the ratio of average
illuminance levels in the predetermined period), which is
strongly correlated to the ratio of the amounts of projected
lights in the respective colors in the predetermined period.
The amount of electric power that is supplied to the light
sources as a whole is determined by the duty ratios of the
PWM control process for the respective colors. CPU 4 deter-
mines the ratio of the amounts of lights in the respective
colors for achieving a desired white balance, determines the
absolute values (target amounts of lights) of the amounts of
lights in respective colors in the predetermined period (or the
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average illuminance levels in the predetermined period) from
a desired white brightness, and issues a control command to
amount-of-light controller 6.

Amount-of-light controller 6 detects the output signals
from light sensors 17R, 17G, 17B for the respective colors,
and controls the duty ratios of the PWM control process by
performing feed-back loop control on light source drive cir-
cuits 8R, 8G, 8B for the respective colors in order to equalize
the measured amounts of lights in the respective colors to the
target amounts of lights. Therefore, once a white balance and
a brightness are set, the white balance is maintained at a
desired value irrespective of changes in the junction tempera-
tures of the light-emitting elements and aging thereof.

Ifthe brightness is to be adjusted while the white balance is
being maintained, then CPU 4 changes the target amounts of
lights in the respective colors without changing the ratio of
the amounts of lights in the respective colors. Conversely, if
the white balance is to be adjusted, then CPU 4 adjusts the
ratio of the amounts of lights in R, G, B.

A process of measuring illuminance levels with the light
sensors and controlling the amounts of lights will be
described below. FIG. 4 is a timing chart of times during
which the light sources in the respective colors are energized,
and periods in which the illuminance levels are measured by
the light sensors for the respective colors. The periods in
which the illuminance levels are measured by the light sen-
sors are three times the PWM periods for the respective col-
ors, for example.

As described above, the PWM periods for the respective
colors are not in synchronism with the video signal, and are
not the same as each other. The fact that the PWM periods for
the respective colors are not in synchronism with the video
signal means that the integral multiple of the PWM periods is
not equal to the period of one frame of the video signal (a
period from a negative-going edge of Vsync to a next nega-
tive-going edge thereof). In FIG. 4, the PWM periods are
progressively longer in the order of R, G, B. When the display
device is switched on, for example, it is initialized such that
the vertical synchronizing signal and the PWM control pro-
cess for the respective colors are synchronized only once.

The light sensors for the respective colors starts measuring
illuminance levels at first negative-going edges of the PWM
control process from a negative-going edge of the vertical
synchronizing signal (Vsync). In FIG. 4, the light sensors
measure the illuminance levels over three periods for the
respective colors in synchronism with the PWM control pro-
cess for the respective colors.

When measurement of the illuminance levels for the
respective colors is finished, amount-of-light controller 6
controls light source drive circuits 8R, 8G, 8B based on the
measured illuminance levels while maintaining the ratio of
the amounts of lights in the respective colors in time for the
next frame. Specifically, the illuminance levels for the respec-
tive colors in the present frame are measured, and the mea-
sured illuminance levels are reflected in the next frame. If
necessary, the duty ratios of the PWM control process are
changed in the next frame. The difference between the frame
in which the illuminance levels are measured and the timing
of controlling the amounts of light emitted from the light
sources should desirably be small, and represents one frame
in the present exemplary embodiment.

Since the frame period of the video signal and the PWM
periods of the light-emitting elements in the respective colors
are not synchronous with each other, the timing for changing
the amounts of lights in the respective colors is not in accord
with the frame period, but deviates from each frame. This
results in an error of the brightness of each color depending on
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the frame. However, the error does not essentially affect still
images because human vision integrates and hence does not
detect such a brightness error. The error does not cause prob-
lems for moving images either because image changes are
visually more dominant than brightness errors.

If the brightness of the light sources is changed depending
on the contents of the video signal (so-called adaptive light
control), then the brightness of the light sources is adjusted
based on APL or a histogram, it is therefore not necessary to
perform a high-speed operation such as a quick adjustment of
the brightness in each frame, but the brightness may be
changed slowly over a range from one second to several
seconds. Therefore, such adaptive light control does not cause
problems.

Since the illuminance levels are measured in synchronism
with the PWM control process, a brightness error depending
on the frame does not affect the white balance adjustment.

Effects of the junction temperatures of the light-emitting
elements will be described below. FIG. 5 is a set of diagrams
showing characteristic curves based on the junction tempera-
tures of LEDs in the three colors, R, G, and B, and normalized
illuminance levels. FIG. 5(a) shows a characteristic curve for
the red LED, FIG. 5(b) a characteristic curve for the green
LED, and FIG. 5(c) a characteristic curve for the blue LED.

As described above, the LEDs are made of different mate-
rials depending on the wavelengths of color lights emitted
thereby. Therefore, illuminance levels thereof depend on the
temperature differently due to the physical properties of the
materials. Normalized illuminance levels refer to relative illu-
minance levels with respect to an illuminance level of 100%
at a certain temperature.

One example of the tendency of the temperature character-
istics of LEDs will be described below. As shown in FIG. 5(a),
if the red LED has an illuminance level of 100% when the
junction temperature is T1° C. (e.g., 40° C.), then the illumi-
nance level drops by 50% or more when the junction tem-
perature rises by 50° C. In other words, the temperature
dependency of the red LED is high. If the green LED has an
illuminance level of 100% when the junction temperature is
T1° C. (e.g., 40° C.), then the illuminance level drops by
about 10% when the junction temperature rises by 50° C. The
blue LED has its illuminance level remains essentially
unchanged regardless of the junction temperature. As the
junction temperature of the red LED increases, the illumi-
nance level of the red LED decreases, making it difficult to
maintain a white balance. If the illuminance level of an LED,
which is generally proportional to the amount of electric
power supplied to energize the LED, is lowered due to its
temperature dependency, then an additional amount of elec-
tric power needs to be supplied. Since the junction tempera-
ture also depends on the supplied amount of electric power,
the cooling means needs to be supplied with electric power,
with the result that the display device as a whole requires
increased electric power consumption. The increased electric
power consumption does not necessarily contribute to the
performance of the display device for an increase in bright-
ness and the maintenance of a white balance, and fails to meet
society’s demands for energy conservation.

Normally, in a standard environment (e.g., an ambient tem-
perature=25° C.), the amount of electric power to be supplied
to cooling means 18R for the red LED is determined in order
for the junction temperature of the red LED not to exceed a
predetermined temperature when the brightness is maximum.
CPU 4 monitors the temperature detected by internal tem-
perature sensor 5 at all times. Since the temperature in the
housing is strongly correlated to the ambient temperature
(e.g., the temperature in the housing=the ambient tempera-
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ture+20° C.), a change in the ambient temperature can be
detected. If CPU 4 judges that the ambient temperature has
risen, then CPU 4 issues acommand for lowering the absolute
value of the PWM duty ratio for each color to amount-of-light
controller 6 while maintaining the white balance (i.e., while
maintaining the ratio of the amounts of lights in R, G, B). In
other words, CPU 4 controls the amount-of-light controller in
the same manner so as to lower the brightness while main-
taining the white balance (e.g., to lower the absolute value of
the duty ratio for each color by 3% each time the ambient
temperature rises by 1° C.).

If the ambient temperature has risen and hence the bright-
ness has been lowered, then the original state can be restored
when the ambient temperature is lowered due to air-condi-
tioning or the like. If the ambient temperature is higher than in
the standard environment, then a desired brightness and a
desire white balance can be achieved with smaller electric
power consumption than in the standard environment.

A second exemplary embodiment of the present invention
will be described below. FIG. 6 is a block diagram of a
projection display device according to a second exemplary
embodiment of the present invention.

According to the present exemplary embodiment, the pro-
jection display device is different from the projection display
device according to the first exemplary embodiment only as
to the arrangement of cooling controller 7, and is the same the
projection display device according to the first exemplary
embodiment as to other parts and operation. Identical parts
are denoted by identical reference characters in FIG. 2, and
will not be described below. The optical system has the same
arrangement as shown in FIG. 3.

According to the first exemplary embodiment, cooling
controller 7 supplies amounts of electric power predeter-
mined according to the temperatures detected by temperature
sensors 15R, 15G, 15B for the respective colors to cooling
means 18R, 18G, 18B for the respective colors. For example,
if the PWM duty ratio for the red color has increased depend-
ing on the detection result from light sensor 17R for the red
color, then the illuminance level of the light-emitting element
in the red color increases. If the illuminance level has
increased, then since the junction temperature of the light-
emitting element in the red color increases, the temperature
detected by temperature sensor 15R for the red color goes
higher. Cooling controller 7 supplies an amount of electric
power predetermined according to the newly detected tem-
perature to cooling mean 18R for the red color. In other
words, cooling controller 7 according to the first exemplary
embodiment controls the cooling means for the respective
colors depending on the output signals from the temperature
sensors for the respective colors, and operates independently
of amount-of-light controller 6.

According to the present exemplary embodiment, cooling
controller 7 controls the amounts of electric power to be
supplied to cooling means 18R, 18G, 18B for the respective
colors in order to keep constant output signals from the tem-
perature sensors for the respective colors. CPU 4 transmits
target temperature values for keeping constant output signals
from the temperature sensors for the respective colors to
cooling controller 7, based on commands to amount-of-light
controller 6 (settings for the amounts of electric power
required to energize the light sources in the respective colors).

Inasmuch as the amounts of lights increase and decrease in
correlation to the temperatures of the light-emitting elements,
a loop for controlling the amounts of lights and a loop for
controlling the cooling of the light sources tend to affect each
other, thus causing the control system to oscillate and become
unstable. Consequently, the response speed of the loop for
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controlling the amounts of lights is converged more quickly
than the response speed of the loop for controlling the cooling
of the light sources.

Specifically, the rate of change in the amounts of lights
under amount-of-light control is made greater than the rate of
change of the amounts of lights under cooling control. The
rate of change in an amount of light is represented by a value
produced by dividing a change (AL) in the amount of light
which is required for the amount of light to reach a prescribed
amount of light from a given deviation AL, by a time At
consumed until the amount of light is converged to the pre-
scribed amount of light under amount-of-light control.

Rate of change in amount of light=AL/At

Under cooling control, as the junction temperatures of the
light-emitting elements are correlated to the illuminance lev-
els thereof, the junction temperatures increase and decrease
when the cooling capability is increased and decreased, and
the amounts of lights are indirectly increased and decreased.
The above oscillation is prevented from happening by ini-
tially converging the amount-of-light control systems and
then converging the cooling control systems slowly over time.
Inasmuch the temperature dependency of the illuminance
levels also depends on the wavelengths of the emitted lights,
the cooling control systems for the respective colors operate
independently of each other.

According to the present invention, as described above, the
brightness can be adjusted while maintaining the white bal-
ance at a desired value, and a high image quality can be
achieved no matter what environment the projection display
device is used in and even when it is used for a long period of
time, irrespective of:

(1) changes in the environmental temperature of the pro-
jection display device; and

(2) aging of the light-emitting elements.

DESCRIPTION OF REFERENCE CHARACTERS

1 video signal processing circuit
2LUT

3 liquid crystal drive circuit

4 CPU

5 internal temperature sensor

6 amount-of-light controller

7 cooling controller

8R, 8G, 8B light source drive circuit
10R R color light source

10G G color light source

10B B color light source

11 color combining means

12R, 12G, 12B illumination optical system
14R, 14G, 14B light modulator
15R, 15G, 15R temperature sensor
16 projection optical system

17R, 17G, 178 light sensor

18R, 18G, 18B cooling means

19R, 19G, 19B condenser lens

The invention claimed is:
1. A projection display device having a plurality of light
sources, comprising:
aplurality of light sensors installed in association with the
light sources, respectively; and
a controller for controlling amounts of lights emitted from
said light sources depending on corresponding output
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signals from said light sensors to keep constant a ratio of
the amount of light emitted from said light sources,

wherein said controller controls each light sources used in
control signals whose frequencies are different from
each other.

2. The projection display device according to claim 1,

wherein said projection display device displays images
based on a video signal; and

said controller synchronizes the vertical synchronizing sig-
nal of said video signal and of said control signals when
the display device is switched on.

3. The projection display device according to claim 2,

wherein said light sources include a first light source for
emitting a green color light, and

said control signal for the first light source is synchronized
with the vertical synchronizing signal of said video sig-
nal.

4. The projection display device according to claim 1,

wherein said light sources include a second light source for
emitting a blue color light, and

said period of the control signal for the second light source
is longer than the period of the control signals for the
other light sources.

5. The projection display device according to claim 1,

wherein said controller measures illuminance levels used
in said plurality of light sensors at prescribed frame, and
executes said controls for each light source after said
prescribed frame based on the measured illuminance
levels.

6. The projection display device according to claim 1,

wherein said controller controls each light source used in
PWM controls.

7. The projection display device according to claim 5,

wherein said controller controls each light source used in
PWM controls.

8. The projection display device according to claim 7,

wherein each one of said plurality of light sensors mea-
sures illuminance levels over plural periods of PWM
controls.

9. The projection display device according to claim 1,

wherein each one of said plurality of light sources emits a
different color light, respectively.

10. The projection display device according to claim 1,

wherein each one of said plurality of light sources includes
light-emitting diode or semiconductor laser.

11. The projection display device according to claim 7,
wherein said amounts of lights emitted from said light
sources depending on duty ratios of PWM controls.

12. The projection display device according to claim 8,

wherein said amounts of lights emitted from said light
sources depend on duty ratios of PWM controls.

13. The projection display device according to claim 1,

wherein at least one of said plurality of light sources
includes a plurality of light-emitting elements.

14. A projection display method executed in a projection

55 display device having a plurality of light sources, comprising:

60

installing a plurality of light sensors in association with the
light sources, respectively;

controlling amounts of lights emitted from said light
sources depending on corresponding output signals
from said light sensors to keep constant a ratio of the
amount of light emitted from said light sources; and

controlling each light source used in control signals whose
frequencies are different from each other.
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